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SU’4M.ARY

The aerodvnamlccharacteristicsof severaloutletswith incMned or
curvedaxes di;chargjngair intoa transonicstreamhave been investigated.
The datapresentedhereinshow the dischargecoefficientof such outlets
and the static-pressuredistributionin the vicinityof the outletsfor
several.valuesof streamMch numberand dischargeflow parameter. Tuft
observations,showingthe vortexformatlonscausedby the outletdischarge
from a perpendicularand an Incllnedoutlet,sze also presented.

INTRoDuc!J?Im

The M@ auxlkky-air-flow requirementsof high-speedaircmaft
place increasedeqhasls on the designof efficientoutletsthrough
whichthis air is retmned to the outsidestream. The use of smald.out-
lets to establishdesir~ pressurefieldsin certainareasalso finds
applicationin bmndexy-- controland In aficraftcontrolsystems.
At present,very few data on outletsdischargingInto high-s~ed air-
streamsare available. This report,whtch Is mainlyccucernedwith the
effectsof outbt configurationand streamvelocityon the discharge
rate,presentssomepreMdmry data obtainedin recent testsat tran-
sonicstreamMach nunikrs.

Ikta obtainedwith severaloutletconfigurationswhere the outlet
air was dischargedperpendicularlyIntoa transonicstreamwere presented
in reference1. Stisequently,severalIncMned outletsof circularcross
sectionhavebeen testedIn a uniformstreamat Wch nwibersof 0.7 to 1.3.
The effectsof axis hcldnation and curvatureon the dischargeinefficient
d of the dischargeair on the staticpressurein the vicinityof the
outletare presentedhereti. Motion-picturestudiesof the vortexform-
tion causedby the outletdischargeft’omboth perpendicularand Inclined

%persedes recentlydeclassifiedNACA FM L53C1O,1953.
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MwiRmJs AND PROCEDURE

Figure1 showsthe tunnelused in this ~stigation with one side
plateremovedd a cutawayoutletnmdelmountedin the upperflnor. The
tunneltest sectionis 4+ incheshigh,* Incheswide,and 17 mhes king.

The upperflooris a solidflatplatewith an openingin which the various
outletmdels were mounted. The lowerflooris slottedalongits length
SO that one-f~h Of i.tSarea iS Open. The lower sideof this slotted
flooropensintoa chaniberwhichpartlysurroundsthe test section. Air
was removedfrom this chariberthrougha vacuumpump. By controllingthe
a?muntof alr remved throughthe slottedfloor,~ Mach nuuiberup
to 1.3 can be generated in the test section.

The outletalr was suppliedthrougha 2-inchpipe from the tumel
SU@.y duct (f=. 2) . The rate of dischargewas controlledby a vaLve
aM =asured with a calibratedflow nozzleinstalledin the pipe system.
The flow ratewas calculatedfrompressuresreed at a pipe tap upstreem
of the nozzleand a static-pressuretap in the throatof the nozzle. The
outletdisctige coefficientwas based upon a theoreticaldischargerate
determinedby the stagnationpressurein the pipe ~stream of the outlet
- the free-streamstaticpressure. The stagnationteuprature of the
dischargedair was the sameas that in the free stream. To insurea
uuiformveloci@ distributionat the meteringnozzleand outlet,k(l-mesh
screenswere installedin the pipe upstreamof each. The outletstagna-
tionpressuremeasuredupstreamof the screenhas zmt been correctedfor
the lossthrough the screen;this leadsto a maximumerroron the order
of 0.006lb/sqin. which for the purposeof this investigationis con-
siderednegllgtble.

The form and principaldimensionsof the outletstestedare shown
in figure3. AU mdels were plasticcastingswith a clrculsrcrosssec.
tion & 3/8-inch-diameterthroat. Tkse referredto 6s “inclinedout-
lets”were madewith straightaxes Inclinedat anglesof 300, -,
and 600 to the ftiorof the tunnel. w ‘recessedcurved-axiscnrthts”
were incltnedat an angleof k50 to the tunnelfloor- theiraxeswere
curvedto fair intoa groovein the tumnelfloorextendingdownstream
from the outletto the end of the test section. Two suchnmdelswere
tested,one with a recessdepthof ~8 Inchand one with a recessdepth
of l/k inch.

Surfacestatic pressureswere read from a nuniberof orificesalong
the centerllne of the outlet. The locationof orificescloseto the
outleti8 Indicatedin the cuta~ mdel in figure1. Sldghtimegukr=
itiesin surfacepressurescausedby s- imperfectionsIn the tiels
or mlsalinemnt in mouutlngdid not materiaUy affectthe flow in the
streamand for the purposeof this investigationere negligible. Surface
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pressureswere recordedplmtographicallyfrom a mul.tiple-tube,Hcury-
filledmnolm?ter. At the S8metire,the data used in cakulat~ out-
let flow ratesand dischargecoefficientswere read visuallyfromU-tube
manomters.

RE9ULTSAND DISCUSSION

DischargeCoefficient

.

.

Each modelwas calibratedto determineits dischargecoefficientas
a free jet disckrging into still.air. The dischargeinefficientis the
ratioof masured mass flowto the mass flow calculatedfram totalpres-
“sure,exitpressure,and tqrature. F@rs 4 shows-s Of CO~=
dischargecoefficient~ as a functionof JetReynoldsnuniberand pres-
sureratio. All outletstestedshuuedhigh and fairlyconstantdischarge
coefficientsand a skll variationwith pressureratioand Reynoldsnum-
ber throughthe rangetested. The 30° -lined outlethad an extreme~
highdischsrgecoefficlent,rangingfrom 0.9’70at low pressureratios
- Reynoldsnunibersw to 0.995at highpressureratiosand low Reynolds
numbers. The othertwo inclinedoutletshad lowercoefficients;tlmsefor d
the W outletftiing between0.935and O.%0 and thosefor the 600 out-
letbetween0.955and 0.9’’70.The recessedcurved-axisoutletshad lower
coefficientsthanmy of the inclinedoutlets,as WOW be ewected with d

the bend in the throatsection;however,even thesenmdelsshowedno
coefficientsbelow 0.920.

To obtaina visualpictureof the flow,metalplatescoatedwith
powderedcarbonin oil were positionedto bisectthe jets issuingfrom
the inclinedoutlets. The resultingflowpatternsare shownin fig-
ure 5. !lhejets from the 450 -600 outlets are seento be quitesimi-
lar, issuingcleanly into the atmosphere. The Jet from the 300 outlet,
bwever, expandsmore rapidly,as part of the Jet fluwsalongthe fl&
surfacein whichthe outletis mouked.

The effectof the externalstreamon the dischargecoefficientis
stiwnin figure6. To facilitatecomparisonbetweenvariousstreamkch
rnmibers,the outletdischargerate m has been hcorporatedintothe
dimensionlessparameter m/pVA. This is the ratioof the outletdis-
chargerate to the rate at whichair in the tunnelstreamfbws through
a cross-secticml.=ea eqpalto that of the outlet.

At the highervaluesof the dischargeflowpa?amter, thereis very
Uttle differencebetweenthe coefficientsof the inclinedoutlets
(fig.6(a)). AS the discl=ge flowparameterincreases,it is to be
expectedthat the dischargecoefficientswill a~ach theirfree-jet
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. values. Becauseof the generalequalityof the free-jetdischargecoef-
ficients,it is reasonableto e~ct this agreementat high discharge
rates.. At the lowerMscharge rates,the effectof inclinationIs seen -
in the spreadingof the curves. Those outletswhich dischargemore nearly
EaUel to the streamhave Ugher coefficientsbecauseof the tier
amountof Interferencebetweenthe outlet~et and the stream. This Is true
for alJ externalstreamMach n-s. With a stresmMach numberof 1.1,
however,the disc~ge coefficientsshoweda much smallerspreadthrough-
out the rangeof dischargerates. &ta tra reference1 for a 3/8-inch
outletdischargingperpendicularlyto the streamhas been includedin
figure6(a) to extendthe rangeof inc~tton up to 90°.

IHgure6(b) showsthe effectof the externalstreamon the discharge
coefficientsof the two recessedoutletswith curvedaxes. The more

deeplyrecessedoutlet,with a recessdepthof ~ D, has a nearlyconstant

dischargecoefficientof about0.95 at valuesof m/pVA above0.3. As
the dischargerate decreases,the coefficientrisesrapidlyand reaches
infinityat m/pVAF=0.15. The reasonfor this is that the staticpres-
sure in the recessis belowthe free-streamstaticpressurewhich is
used In computingthe theoreticaldischargerate. A recessedoutletwill

@ thus dischargeair even thoughthe internalpressureIs eqpalto or
sllghtlyless than the free-streamstaticpressure. This same character-

- isticis seenin the outletwith a ~ D recessdepth,whichhas a discharge

coefficientof Inflnltyat m/pVA= 0.09. As the dischargerate increases,
the coefficientdecreadesrapidlyuntilit reachesIts minimumvalueat
m/pVA= 0.2 and then increasesuntilat m/pVAY=0.7 it is aboutequalto “
that for the more deeplyrecessedoutlet. The dischargecoefficientsfor
both recessedoutletsappearto have reacheda nearlyconstantvalue of
about0.% for valuesof the dischargeflow perameterabove0.7 fcm all
streamMach numbers. Exceptfor the streamMach nunberof 1.1 with m/pVA
below0.7 the streamFkch naber has littleeffecton the valueof the
dischargecoefficientfor any constantvalueof the &I.s*”ge flow
par-ter.

In figure 7 the ratio of dl.schargecoefficientto free-jetcoeffi-
cient,at the same outletReynoldsnumkr and pressureratio,has been
plottedagainstddschargeflm?parameterfor eachmodel. This figure
showsnmre clearlythe influenceof the streamvelocityon the outlet
dischargecoefficientand comparesits effecton the variousoutlets
tested. Becausethe fke-jet coefficientsare high and nearlyconstant,
thesecurvesaxe very slmllarto ttiseof figure6. It is noted,how-
ever,t=t the recessedcurved-sucisoutletshave dischargecoefficients
highert&n theirfree-Jetcoefficients,uwingto pun@ng by the stream,* whereasthe incllnedoutletsdo not. It is to be ~ected that K&
approaches1.0 as an asymptoteas the disckge flowparameter m/pVA

. is increased.
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Static-hssure Variation
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The variationof surfacestaticpressurealonga ldnethroughthe
canterof the outletis shownin figure8. M orderto cwnparethe
effectsat varlouetmmel velocities,the pressurevariationIs pre-
sentedIn termeof the pressurecoefficient@/q.

In general,the outletdlschexgecausesan IncreaseIn staticpreO-
sureon the q@ream sideof the outletand a much lowerpressurea the
downstreamsi& . At eubsonlcstreamvelocitiesthe gradhnt Increases
emothly as the outletis approachedfromupstream. At supersonicstream
velocities,the pressurerisesabruptlyat the positionof the detached
stickwave upstreamof the outlet. ~tely downstreamof the outlet,
the staticpressureis farbeluwthat of the udieturbed stream. Farther
downstreamthe pressurerisessnmothly,reachingthe ur&kturbed stream
valueaboutsix outletdiametersdownstream.In general,higheroutlet
dlsckrge ratescausegreatervariationsh staticpressurein the vicin-
tty of the outlet.

The static-pressure variations for the inclined outlets are presented
in figures 8(a), (b),and (c). The samedata for an outletdischar

Y~*IY to the stream(fromref. d are ELI-SOpresented(fig.8 d)). ,
The _tude of static-pressurevariationsincreaseswith the angleof
inclination,the 30° outletcauelngrelativelysmalldisturbancesand the
* outletcreatingthe greatestRressurevariations. d

Figures8(e)and (f) showthe static-pressurevariationsalongthe
centerlineof the recessed curwkl-exis outlets. The more deeply recessed
outlet showsno variation of static pressure on the upstream side, and the
disckrge from the less deeply recessed outlet cauees only a very mall
hcrease in pressure. Because of the recess, there is a kge static-
pressure wmiation on the downstreamside of the outlet with no dlscherge.
A -1 outletdischargematebringsthe pressurein the recessalmst to
the free-streamvalue. This rise in pressurereachesits maximumat the
valueof m/oVA corresuondlnuto the mlninmmvalueof the dischargecoef-
ftcknt
m/PVA=

as
h
in

To

(M. 7(b) ) . G the &Lschargefluwpartier increasesab&e
0.2, the pressuresuetdmnetream of the outletdecreases,very
t-tdoes for the inclinedoutlets. As one would expect,the pres-
the shallawerrecessshowsnrmevariationwith flow rate than
the deeperrecess.

obtaina better
the interaction of
tuft on awand -

VortexFormation

understandingof the flow disturbancesresulting
the outletdlsckmge and the exkrnal stream,a
rewedabotislowlyin the vicinity of the outlet ‘-

.

.

.
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and a very strong vortex action was observd. Motion pictures were taken
and severalframesare reproducedin figure9. For this observation, the
tunnelwas set up on the blowerintakeso that the cameracouldbe placed
in the tunnelinlet. Two outletmode~ were used for this study: the
300 inclinedoutlet,amd the 3/8-inchcircularthin-plateoutletof refer-
ence1. The streamMach nuuiberwas 0.3, W the dischargeflowparsm-
eter m/pVA was about0.95 for the inclinedoutletand 0.75 for the thin
plate. Figure9 shows the disturbance in the stream caused w“ the out-
let discharge . The slow shutter speed of the mothn-picture csmera
causesthe single-strandwool tuft to appeeras a wide blur when individ-
ual fr-s are reproduced as still pictures. kJhenproJected as motion
pictures, however, the vortices 8t both stalesof the outlet- seen
clearly. Althoughno datawere tekento indicateth? vortexstrength,
it wqs seen in the motionpicturesthat the vorticesresultlngfrm the
dischargefrcunthe thin plate are strongerthan thosefran the inclined
outlet. This is to & eipectedbecause,at the ssmsdischargerate,the
dischargevelocityccxuponentperpendicularto the stresmis twice as
largewith the thin-plateotikt as it is with the 30° Inclinedoutlet.

CONCLUSIONS
L

From this investigationof the transonic~ c characteristics
k of smallinclinedair outlets,it is concludedthat:

1. At low valuesof the dischargeflow parameter,outletswlrmeaxes
are inclinedhave higherdischargecoefficientsthan thosewhose axes are
pe-culsr to the alr stream. .

2. The recessedoutletstestedhave dischargecoefficientshigher
than the inclinedoutletsowingto pumpingby the streamwhich causes
them to dischargeair even thoughthe internalpressuremay be slightly
below the staticpressureon the tilsturbed surface.

3. At a constantvalueof the dischargeflowparameter m/pVA,the
effectof stream~ch nmiberon tbe dischargecoefficientof outlets
with Inclinedor curved-S Is small.

4. The variation in surface presswe caused by the outlet discharge
decreases as the angle of fnclinatian decreases.
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5. The Jet issuing frcm an outlet Into a moving airstream causes
the formation of strcmg vortices at the edges of the wake.

Langley Aeronautical Laboratory,
NaklonalAdvisoryCcmmltteefor Aeronautics,

La@ey Field,Vs.,March6, 1953.
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